Two-speed dual-clutch transmission (DCT) is an ideal transmission mode for electric vehicles.
Introduction
Amidst the growing oil shortage around the world, the automotive industry has started a global technological reform of automotive power system, seeking to overcome the environmental unfriendliness of traditional fuel vehicles [1] . Free from oil consumption or exhaust discharge, electric vehicles have become a research hotspot in the field of new energy vehicles. As the name implies, an electric vehicle is driven by the electric energy stored in batteries [2] [3] [4] . Theoretically, the electric vehicle requires no transmission, for the traction motor, featuring a wide speed range and a large driving torque, can be driven from zero speed under load [5, 6] . In practice, however, it is too complex and costly to adopt a reducer with fixed speed ratio. With such a reducer, the traction motor has to increase the instantaneous torque in the constant torque area, speed up the rotation in the constant power area, and even realize high torque under low speed [7, 8] . What is worse, more operating points of the traction motor will fall in the low-speed heavy-load area and high-speed low-load area [9] , impeding the economic efficiency of energy consumption.
To solve the above problems of fixed speed ratio transmission, designers often resort to the multi-shift transmission system in the development of electric vehicles. Despite a 5~12% decline in the overall energy consumption, the multi-shift gearbox pushes up the structural complexity and cost control of the transmission system of electric vehicles [10, 11] . Ranging from single-speed transmission, dual-speed transmission, three-speed transmission to continuously variable transmission (CVT), a variety of transmissions have been adopted in the existing all-electric vehicle models. Through experimental comparisons, it is concluded that the two-speed transmission is the most suitable option for all-electric vehicles [12] . The transmission should be further improved by installing two separate clutches for odd and even gear sets. The dual-clutch transmission (DCT) both retains the upsides of the traditional manual transmission (e.g. simple structure, high mechanical efficiency), and realizes sound power performance and cost efficiency with no power interruption in the gear-shifting process. Much research has been done on two-speed DCT in electric vehicles at home and aboard, especially in the aspects of system features, structural optimization, gear shifting pattern, and interaction torque control [13] [14] [15] [16] . Nevertheless, little attention has been paid to the clutch control in the gear shifting process. In this research, the power transmission system of electric vehicles mainly consists of a traction motor and a two-speed dry DCT (Figure 1 ). The traction motor is a permanent magnet brushless DC motor. The DCT is specially designed for electric vehicles, involving two concentric hydraulic dry clutches, each of which is connected to an input shaft. The gears of the solid inner shaft and the hollow outer shaft are respectively engaged with driven gears of the first gear (low speed) and the second gear (high speed). The power transmission system is synchronizer-free, simple in structure and light in weight.
Two-Speed DCT System of Electric Vehicles
Owing to the low speed and high torque of the permanent magnet brushless DC motor, it is possible to start the vehicle through direct control of the traction motor. Before the starting the vehicle, the first-shift clutch C1 is engaged and the second-shift clutch C2 is separated. When the vehicle starts, C1 is kept in the engaged state and C2 is held in the separated state. In the upshift process, C1 is gradually separated and C2 is gradually separated after detecting the shift point, completing the shift from the current gear to the target gear. When C1 is completely separated and C2 is fully engaged, the first gear is upgraded to second gear. The downshift process is conducted in a similar manner. Without any gear engagement or downshift, the two-speed DCT shortens the gear-shifting time, supplies uninterrupted power, and thus improves the shift comfort and power performance of electric vehicles.
Dry Clutches and Proportional Flow Control Valve
As a key component of the DCT, the dry clutches are responsible for torque transmission in the vehicle's power transmission system. In the gear shifting process, the shift quality is positively correlated with the proximity between the actual and the target torques. Hence, it is necessary to analyse the features of the dry clutches and their core component: the proportional flow control valve. Such features are of great importance to achieving the precise clutch control in the gear shifting process.
Features of Dry Clutches
The dual-clutch in this paper consists of two normally-open dry clutches that operate independently from each other (Figure 2 ). The two clutches are stacked axially with the input connected to the traction motor. The two clutch plates are respectively linked with the first and second input shafts. The compaction force on the clutch plates is supplied by the lever spring. If the small end of the lever spring is in the complete separation state or under a small force, the clutches are separated and do not transmit torque; Under the increasing force from the release bearing, the small end of the lever spring is subject to a continuously growing displacement, resulting in greater compaction force on the clutch plates. In short, one can adjust the torque transmitted by the dry clutches through controlling the release bearing displacement, and thereby realize the engagement and separation of the clutches. In the complete separation state, the clutch is completely separated; in the intermediate state, the small end of the lever spring is deformed under the action of the release bearing, resulting in displacement, but the clutch does not transmit torque because the clutch plate and the friction plate are not pressed; in the complete engagement state, the lever spring starts applying pressure on the friction plate through the clutch plate, forcing the clutch to transmit torque.
In the intermediate state, assuming that the lever spring does not deform under the release bearing, and that its meridional cross section rotates around the center point of central cone, the relationship between the force on the lever spring and the small end displacement can be described by the Almen-Laszlo formula. If the displacement of the lever spring-clutch plate in the contact area is denoted as x, then the force applied by the release bearing on the small end of the lever spring can be expressed as:
where E is the elastic modulus; h is the steel plate thickness of the lever spring; μ is Poisson's ratio; R is the large radius of the disc spring in the complete separation state; r is the small radius of the disc spring in the complete separation state; L is the radius of the support ring; rf is the radius of the contact area between the release bearing and the small end of lever spring; H is the inner cone height of the disc spring in the complete separation state.
In the complete engagement state, the relationship between the small end displacement x2 and the force applied by the release bearing F2 can be obtained by the cantilever beam mechanics: Under the force F2, the total small end displacement x of the lever spring is:
Then, the pressing force P of the clutch plate and the force F2 applied by the release bearing follows the relationship below:
where l is the radius of loading point of the clutch plate; F1(x1) is the force applied on the small end to remove the empty stroke x1 of the lever spring.
Based on the above formula, it is possible to ascertain the relationship between the pressing force P and the displacement x:
In the intermediate state, the transmission torque mainly depends on the pressing force and the friction coefficient. The relationship between the transmission torque of the clutch and Z friction surfaces can be expressed as:
where Tc is the transmission torque of clutch; Z is the number of friction surfaces of the clutch;
μc is coefficient of sliding friction; Rc is the outer diameter of the friction plate; rc is the inner diameter of the friction plate. where Tc is the transmission torque of clutch; ωm is the speed of the traction motor; ωc is the speed of clutch driven part; Tm is the torque of the traction motor.
Features of proportional flow control valve
In the two-speed DCT, the release bearing displacement is created as the clutch rod is pushed by the cylinder piston of the clutch; the movement of the piston, however is controlled by the actuator via a proportional flow control valve. The following equation depicts the relationship between the outlet speed of the proportional flow control valve and the speed of clutch cylinder piston:
where Qc is the outlet speed of the proportional flow control valve; dp and vp are the diameter and speed of the clutch cylinder piston, respectively. The vp is transformed into the speed of the release bearing via the connecting rod, and the displacement of the release bearing can be obtained after the engagement. In other words, the relationship between the outlet speed and the release bearing displacement can be obtained through the feature analysis of the proportional flow control valve. Figure 4 shows the structure of the proportional flow control valve. Since the outlet of the throttle valve is connected to the feedback end of the reducing valve, the fluctuating feedbacks resulted from load variation will bring changes to the throttle valve inlet pressure P2, but will not affect the throttle valve outlet pressure Pc. Therefore, the outlet speed only relies on the opening degree of the throttle valve, making it possible to achieve the flow control by adjusting the proportion of electromagnetic current.
If the spool displacement of the reducing valve is denoted as xr and the spool position at the fully open state is set to 0, and if the spool displacement of the throttle valve is denoted as xt and the spool position at the fully closed state is set to 0, then the spool is subject to the following forces in the axial direction:
(1) When the coil is charged with electricity, the proportion of electromagnetic current in the proportional flow control valve is under the electromagnetic force below:
Where Fe is the outlet of proportional flow control valve; N is the number of turns per coil; I is the current; Kf is the leakage coefficient; μ0 is the vacuum permeability; S is the cross-sectional area of the electromagnetic circuit; δ is the air-gap length. Through the above force analysis, it is possible to obtain the force equilibrium-equation of proportional flow control valve spool:
The flow balance equation of proportional flow control valve can be obtained according to the principle of flow balance:
Where Qi is the inlet speed of the proportional flow control valve; Qrr is the flow entering the right chamber of the reducing valve; Qro is the outlet speed of the reducing valve; Qrl is the flow entering the left chamber of the reducing valve; Qo is the outlet speed of the proportional flow control valve; Qrf is the flow entering the feedback chamber of the reducing valve.
Clutch Displacement Servo Control
The lever spring model of dual dry clutch, torque transmission model of friction model, and clutch actuator model lays the basis for current-displacement-torque control. Due to deformation and abrasion in actual practice, there is always a certain deviation between the actual clutch displacement and the theoretical displacement calculated by the mathematical models. Besides, the 150 accuracy and performance of solenoid valve will deteriorate after long-term use. To minimize the deviation, the single-neuron adaptive PID controller was introduced to the mathematical models.
Single-neuron adaptive PID controller
Although it is widely utilized thanks to simple structure and convenient adjustment, the traditional PID controller fails to meet the control demand of nonlinear system, as it cannot adjust the control parameters in real time. In this research, the traditional PID controller was improved by the single-neuron controller, which supports self-learning, self-adaptation, and auto adjustment to environmental changes. The two controllers were integrated into a single-neuron adaptive PID controller ( Figure 5) . respectively. The output of the converter is the state quantities x1(k), x2(k) and x3(k) required for neuron learning. The expressions of these state quantities are listed below:
Through correlation search, the neuron generates the control signal u(k):
where wi(k) is the weighting coefficient corresponding to xi(k); K is the neuron scale factor.
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The single-neuron adaptive PID controller executes the learning rules in real time and adjusts the weighting factor to achieve the adaptive, self-learning function. Being the most popular learning rule, the Supervised Hebbian Learning enhances the learning capacity of the neuron controller in interaction with the controlled object, and fits in well for real-time control. Hence, the learning rules are adjusted as follows:
Where c is a constant (0≤c <1); η is the learning rate (η> 0).
For good convergence and robustness, the learning algorithm of single-neuron adaptive PID control was normalized as:
Where ηp is the proportional learning rate; ηI is the integral learning rate of integral; ηD is the differential learning rate.
Clutch Control Based on Single-Neuron Adaptive PID Compensation
To make up for the defect of the mathematic models, the single-neuron adaptive PID controller was applied to clutch displacement servo control. The controller generates the current correction quantity according to the difference between the target displacement and actual displacement of the clutch, aiming to compensate the main current calculated by the mathematical models. With the good adaptive ability, the controller resolves the distortion of the mathematical models after long-term operation, and thereby improves the pressure control accuracy of the clutch. The principles of dry clutch control based on single-neuron adaptive PID are illustrated in Figure 6 . 
Clutch Displacement Servo Control
The two-speed DCT was installed to an all-electric vehicle for an actual test on the gear Figure 7 , the vehicle entered the gear shifting process at 10.14s, when the release bearing displacement of the current clutch C1 dropped suddenly, marking the change from the complete engagement to the intermediate state; in the meantime, the release bearing displacement of the target clutch C2 soared, eliminating the empty stroke of the lever spring. Then, the release bearing displacement of clutch C1 declined gradually, while that of clutch C2 gradually increased.
In this case, both clutches stayed in the intermediate state. When the torque interaction completed at 10.67s, the release bearing displacement of C1 plunged, signifying the complete separation state, while the that of C2 continued to increase to ensure the complete engagement. At this moment, the entire gear shifting process was wrapped up. Throughout the process, the actual release bearing displacements of the two clutches were tracked accurately and rapidly, which verifies the effectiveness of the proposed control strategy. (3) The clutch displacement servo control of the gear shifting process was tested on an electric vehicle installed with a two-speed DCT. The results demonstrate that the proposed strategy can achieve fast and accurate control of the release bearing displacements of the clutches.
Conclusions

